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is En invited talk at the International Conference of Magnetism

summarizing recent pSR experiments aimed at characterizing the superconducting

properties of Heavy Fermion (HF) systems. Two key issues are addressed: 1)

what is the symmetry of the superconducting order parameter? and 2) what is the

mechanism by which electrons in HF systems pair to form the superconducting

state? Both of these questions are still open at this point in time.

In a type II superconductor magnetic fields penetrate in flux vortices and

the field falls off between the vortices with a characteristic length A,

Transverse field pSR experiments can measuro the temperature dependence and

magnitude of A better and more easily than most other probes. UPt~ is a

hexagonal material and A has 2 eigenvalues corresponding to an applied field

perpendicular to the basal plane (Al) and parallel to the bnsnl plane (A ). W@
II

find that Al is roughly linear and .4
II

roughly quadratic in tcmpcrnture hcluw T(:.

This corresponds to n superconducting order parameter (energy grip)which hns

nodes for momentn in the basal plnne and along the hexagonal symmetry axis.

This forms an even-parity, d-wave state

When UBO13 is doped with thorium to form U1.xThXBelS, an unusual phase

diagram in the space of temperature versus Th concentration is formed, Tl]c

results presented hero map out this phase dlngrnm in dctall. Most lnterestfn.’

is a Lino of phnse trantiitions which display nn onset of mngnotim rogcthnr with

a change in the superconducting atntm. The mng?’etisrnmay bo ntl

antiferromagnetic phase with an order parnmoter which couple~ to t:lle

suporcouductfng ordOr parnmcter, or tilemngnetinrn mny h tnhcrcnl ~(~tl~[’

superconducting atnte itself. In the :attar caam, the ~uporconductlnfi ordor

pnrnmctor brenks timo-rovnrenl symmetry,

Flnnlly wc pro~ent the ra#ult-r4of Oxpcrlmont H wl)lcllmny Imvo ldul}tll”lodtlw

“~mokln~ gunw for the mechnllInm l)ohlINlthe ~[ll)rr(:ot~(l(l(”flllp,pnlrlIlp,llltcr{~(’flon

IIIIIFsystomsm WllotlUBcl~ la dnpod wl[ll I)f!:ollto [orm U(l\cl.klla)13, tII(1

npoclfic Ilont jump nt the !;[ll~or(tt~r~(lllrr.lllp,Il”nll!llt 1o11 IN p,l.(~(11ly (11111{111(’U(l fl)l’
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certain B concentrations, ~ignaling an increaae of the pairir.g strength. We

discovered that this enhancement is accompanied by a change in the magnetic

coupling of the conduction ●lectrons to the f-electrons (which pair to form the

superconducting atatet). This change in magnetic coupling ia in the direction

one would expect if the pairing interaction were magnetic in o:igin. This type

of pairing ❑echaniam had been inferred by others before, but no direct

experimental evidence has yet been confirmed.
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ABSTRACT

Recant muon spin relaxation (pSR) ttudlee have been particularly effective

in revealing important properties of the unusual ❑agnetism and superconductivity

found in heavy femion (HF) syotems. In this paper pSR experiments elucidating

the symmetry of superconducting order parameter in UPts and UBeIs doped with

thorium and reviewed. Also diacuased ia the correlation between the enhanced

superconducting upecific heat jump and the reduced Kondo temperature in B-doped

UBels, indicating pooaible direct experimental evidence for a mngnetic pnirlng

❑echaniem in HF superconductors.

Keptorde: Heavy Fermions, Superconductivity, Muon Spin Rotation

INTRODUCTION

Several important issues regarding tho nature of the henvy fermlon (IIF)

ntate remain after nearly a docmle of study’ , These lncludc Lhc oxlonslon 01

the isolated-impurity Kondo problem to the lattice of 4!.’or 5[ clcmrntw (Cc,

u ,.,,), the role of small mornnntn in the normal and ntll)rrcoi~(lllc!~lllp, pIwpor IloN,

and the nnture of the pnlring Interaction, fnc]udlng 1110 Nymmotry 0[ (1111

mup~rconductlng ordor pnrametor, Thim pnpmr will !OCUII 011 lhc role whlrlI mlloll

npfn rotation (pSR) nqmrlmontM hnve playmd III olurldntln~ thr ~ymm~lry ol [II(s

lW suparconduct.lng mtmtn nnd tha nature of [ho pnlrlnp, Iutrrncllon,
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The superconducting order

(lb) for an evenor odd parity

A(k) = ~(~) IUY

A(k) - i(d(k) “ ;)uY.-.

parameter A(k) is glvenz by equations (la) and

state, respectively:

(s - o)

(s- 1)

Here # and ~ are even scaler and odd vector functions of the momentum

is the Pauli spin matrix. The symetry operations of the Hamlltonian

(la)

(2a)
A

~, and o

involve

inversion symmetry, rotation symmetry, time-reversal invariance nnd gauge

symmetry. An uncrmventlonal superconducting order parameter breaks one of

these symmetries by having, for example, odd parity, a lower rotatlonnl symmetry

than the lattice or exhibiting inherent spin or orbital magnetism,

time-reversal symmetry. The latter involves a A(k) with both real

parte.

which brenks

and imaginary

When A(k) vanishes on lines or points of the Fermi surface, one finds

power-law temperature dependence for measurement below Tc which ir.volve

thermal excitation of quasiparticlea. Caution must be exorcised when

interpreting this as unambiguous evidence for unconventional aupercomluctivlty,

hnwever. For nxample, impurity scattering can lead to power-law behnvior, ns In

nearly gapleaa BCS superconductivity. More unambiguous signatures ~f

unconventional superconductivity include transitions from one suparconductfng

phmse to another, observation of magnetism associntad wlt.h the Rupl’rrondurt IIII!

stnta, and aniaotropies in the ttvsperatura depandcnca of 1.11Ppcno[.r{lt 1o11 dup[ll

or crlticnl fimldn, for exnmple. below wc @xnminc some o!” Lho EWICICSIK:Pl“o!m

unconventional supercomlucLlvlLy in UPt~ nnd UBC13 dopod wILll lrnpurlt lrH.

11, uPta

Ihcmtly various Ht.udlcn, I)uL prlnclpnl]y ultrtimumi inm{lNlli.f~inrlilH3-4, linv~’

domonntrntml tllnL UPtJ In n IIF ~LllJrr[:oll(lllctn:- which p0f4HcHH0H rnul! Il)lo

2



superconducting phases, corresponding to different representations of a

multicomponent superconducting order parameter. These different phases become

manifest when the degeneracy among the components of the order parameter is

broken by a symnetry-breaking field, in this case either a strain field or an

antiferromagnetic fields which breaks the hexagonal symmetry in the basal plane.

The unconventionality of the superconductivity in UPts has therefore been well

entabliahed. The symmetry of the order parameter (parity, for example) is still

controversial, however.

Recently, Broholm ~.~ measurede the temperature dependence of the

penetration depth A in UPt3 ueing ASR for low applied fields (- 180 0~). In a

hexagonal material the penetration depth A has two eigenvalues corresponding to

supercurrent In the basal plane (Al) and along the ;-axis ( ).
71

In general onc

has A-a - 4me2(~/m*cZ), where nS is the superfluid density and m* the cffectlvc

mass.T UsLng a standard ❑odel for ns(T), which assumes the clean-limit nnd wenk

coupling, Broholm a.ti find A - #’, wherea- 1.310.1 fortlll ; nnda-2.4 L

0,2 for ~ II ; (~ in the basal plane), The analysis yields
t!

(o) - 6920 t ho A

and AL (0) - 7200 + 100 A, corresponding to an ●ffective mass which is roupjlly

isotropic and about 270 times the electron ❑ass.

The roughly linear temperature dependence for !! II ; ie consiateut with n

line of nodes in the basal plane for A(E). For strong spfn-orbit: coupllnp,, Lhlx

implies an even-parity state.z The combineG linear nnil quadratic tcmperuture

dependence 10 consistent with an order pnrameter given hy ~(~) - k~(kx + lkY),

wl]ich is ovon parity, time-rever&nl violat.ll~g and poHHcHMos n lIIW of IIndOH III

the haanl plnno (kx’ + kya = O) and along thm polar cnpm (kRa - 0).

An apparent contradiction with this picture nrlues whnn mm t.tlko~ 11110

account the analysia of Lha nn~aotropy In Lho upper crltlcnl flmld, howovl~r, At
A

low tumporaturaa Shlvnrmm ~.~ founds t-hnt IICZ lM Mmnllor for II II c (linil I“or
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gll L Choi and Saula showed10 that for a p-wave (odd parity) superconductor

onehasd”~- 0, ao that awsuming ~ ISI aligned along the axis of symmetry, one
.

haa pair breaking when 1111 Qll ;, leading to a reduced Hc~ for Hll ; . For an

●ven-parity state one hae pairbreaking for all field directions. Choi and Sauls

thus conclude that UPtS is an odd-parity superconductor. A contradiction with

the pSR data therefore occurs if the high-field (Hcz) and low-field (@R)

❑easurements can be directly compared, which may not be the case.

Iv UBels doped with Th

Substitutions of Th for U in i!l.XThXBel~ producell another phase transition

at TC2 below the superconducting transition at TCI for 0.019 s x s 0.043.

Recently, a mare complete phase diagramla for this system has been deduced (Fie.

1), wherein the transitions below TCZ are second-order (continuous order

parameter) and are accompanied by the onset of mean-field, small-moment (10-2 -

10-s pB/U-atom) magnetic correlations. The onset of this weak magnetism Is

illustrated in Fig. 2, where the meaaured zero-field MSR Iinewldth OKT is

unchanged below Tel, but rices smoothly below TCZ. The onhnncod 1.lIICWIALII

Ue2(T) _ UKT2(T) _ aKTa(Tcz) below Tc2 is due to electron~c magnctfsm, whlcsII

increasea in magnitudes as the Th concentration is Increased for x - 1,93, 2.45

and 3.55 percent, (See Table I). Combined pSR and specific heatln mca~urornrnt.s

show that there are steep phase boundaries near x - 0.019 and x - 0.043,

separattnfi magnetic from non-magnetic regions, The fact thnt within rrror~ the

transition- at TC2 bngin and terminate on the line of superr.onduct. lnfi plInHC

trnnsitione at Tcl means that the order paramotora for tho two plMIIIVMmu~t 1)(s

strongly coupled,

The nature of tha phase below Tca remains controvore ill, Ihtrly ultrnnm c

attenuation atudiosi’ arc conslntent wtth Itfnornnt filitffr:-rl-omilp,llt~tl~ln (A1.? l);



theoretical studies have also suggested a spin-density-wave (SDW) state.16

Small local momentsl ’le associated with the Th sites or U sites have also been

proposed, as well a transition to s second superconducting phase possessing

orbital or spin ❑agnetism.17 If the transition at TC2 were associated with

local “Kondo holes” on the Th sites, one would expect the dipolar linewidth

ue(0) to scale as the Th concentration x, which is not seen (see Table I).

Thus, this possibility can be excluded.

The observation of both electronic ❑agnetism and a large specific heat jump

AC below TC2 (comparable to that at Tel) suggest only two plausible

possibilities for the second phase: either an AFTIphase transition accompanied

by a change in the superconducting state, or a transition to a magnetic

(time-reversal-violating) superconducting phase. A third possibility, that

there is only an AFM transition and no change in tl~csuperconducting state,

seems to be precludad by the small associated moment and the large AC at TCZ,12

The possibility of a magnetic superconducting phase below Tca is sugeestcd

by the correlation between the pSR linewidths and the slopes of the lower

critical fteld HCI below Tc2 (see discussion below). For x < 0.019 or x > 0.0h3

Hcl(t) showsla a single quadratic temperature

n~/m* a (1-t2), where t = T/Tc. However, for

quadratic temperature dependence are observed

dependence: HCl(t) a

0.019 < x < 0.043, two regions of

in Hcl(t), orm below nnd one fIbovc

“1C2. These data nre presented in Tnblr! I, where HCIL(0)
H

nnd ItcI (0) arc LII(!

slopes of Ilcl(t) below and above Tc2, respectively. B(!cnusc the tz dCpClldCllCP

is expected for n change in nH and is observed both ntmvc and I)O1OW TCZ, II

seems plausiblo thnt the chnnge in slope nr Tca 1s duel to n chnngc IIIns {111(IIltjt

m*. If m* chan~ed nt Tca lt would have to chnnhe abruptly nnd not evolve

significantly in temperature, which is not likely,

The fact aa(0) and tt.eslope H(:IL(0) both Incrcnso with x (Tnl)lc 1) ml};li(
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be explained by recent theoretical modelsla which describe the production of

orbital currents wbsn electrons scatter off non magnetic impurities, thereby

distorting the superconducting order parameter in a complex superconducting

phase. The induced currents are proportional to M and produce dipolar fields

proportional to 00. A aublinear dependence of ~e on M would be expected if the

field sensed by the muon, averaged over the sample volume, were nearly random in

direction and ❑agnitude. This is indicated by the roughly square-root

correlation seen in Table I. It remains a myetery, however, why only Tb

impurities induce the phase diagram and general behavior described above, Other

non-magnetic impurities just suppress TC monotonically.

IV UBels doped with B

When UBO13 ie doped with B producing U(Bel.xBX)ls Tc is changed only

slightly, but AC at TC can be drastically enhanced, ie depending on the B

concentration. Fig. 3 shows a comparison’” of C/T for x - 0 and 0.0023. In

addition to the much larger AC, the linear coefficient of specific heat 7 is

also larger for the x - 0.0023 sample. Beyermann ~.~ have shownal that the

enhanced AC is largest for B concentrations around x - 0.0L123. Alno, the Kondo

temperature (as reflected in the shoulder in C/T below 6 K in UBe13) is reduced

in the B-doped matarials. High temperature musceptibllity measurementaai give

an increased effective moment in the doped me.terial compared to UBelS, showing a

tendency toward localization of the f-moment. This is consistent with a reduced

value of TK.

One possible explanation for the enhanced AC in B-doped UBelS was thought

to be ❑agnetic correlations, ae in the case for Th-doping discussed above. This

possibility has been ●laminated by recent pSR meaaurements,ao which uhow no

enhanced linewidth below Tc for B-doped Lh3els, This, plus the I.arrowness of the

6



specific heat anomaly, indicates that only a single transition with an enhanced

AC and T exists in the B-doped material.

Tha quantity AC in given by AC - flYTc, wlere p measures the strength of the

pairing interaction. The dramatically larger AC for B-doped UBel~ cannot be

explained solely by a larger density of etates 7, and so reflects an increase in

the coupling strength @.ao The intriguing possibility therefore exists that

B-doping reduces TK, leading to an increased pairing strength, thus providing

possible direct experimental evidance for a magnetic pairing mechanism in UBe]~.

For moderately etrong coupling ~ = 1.43 [1 + 53(Tc/W)21n (~/3Tc)], where W. is

the characteristic boson frequency for the pairing interaction.22 An increased

value of ~ is consistent with a decrease in x, which in turn correlates with a

reduced value of TK. Determining the relative change in AC between the pure and

B-doped UBel~ is somewnat model dependent because the shape of the specific heat

curvee changes as well. Preliminary estimates of ~ u~ing a value of Y which

conserves entropy20 below Tc give # = 1.5 for UBel~ and @ z 2.5 for x - 0.0023,

showing a significant enhancement. These values correspond to wo M 2 - 4 meV

and < 0.7 ❑eV, respectively. The data are therefore qualitatively consistent if

the superconducting pairing interaction ie driven largely by spin fluctuations.

In this regard it has been shown” in UBelt that pressure increases ‘rK and

produces ● reduced AC, yielding further evidence fol this hypothesis.

7
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Table I

HcLLfQ HcLHfQl !zd2s&LzuQ2L lHcLLf&L4icLLfL2d
0.00 .... 4.32 ------ . . . . . . . . . . . . . . . .

0.66 ..-. 3.27 ------- ---- . . . . . . ..- . .

1.01 ..-. 2.64 . . . . . . . . . . . ------- ----

1.93 3,79 2,28 1.00 1.00
‘t

2.45 4.91 2.M9 1.11 t 0.06 1.14 * 0.07

3.55 5.59 3.53 1.31 t 0.07 1.21 t 0,07
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Fig. 1 Phase diagram for U1.xThxBeIs. Symbols, defined in Ref. 12, refer to

susceptibility, specific heat and ❑agnetization measurements.

Fig. 2 Temperature dependence of (a) zero-field pSR linewidth UKT, (b)

specific heat and (c) ac susceptibility in UO.g65Th0.0~5bel~.

Fig. 3 Temperature dependence of specific heat per Kelvin in U(Bel.xBx)13,
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